In the aftermath of the Middle Devonian Acadian Orogeny, a thick mafic body is inferred to have been emplaced at the base of the crust during development of the Maritimes Basin complex in eastern Canada and is believed to have sourced regional Late Devonian to Mississippian volcanism. By late Mississippian times, volcanism was limited to central New Brunswick and the Magdalen Islands of eastern Quebec. Whereas Late Devonian to early Mississippian mafic volcanism was mainly characterized by subalkaline lavas produced by the high-degree partial melting of a subduction-enriched lithospheric mantle source, late Mississippian volcanism was dominated by alkali mafic lavas produced by the low-degree partial melting of a sublithospheric mantle source that shows no evidence of subduction imprint. Two distinct upper Mississippian volcanic successions were identified in central New Brunswick and are estimated to be separated by ϳ7 million years based on U-Pb dates on felsic intervals. They respectively belong to the Cumberland Hill Formation and a new volcanic member of the Hopewell Cape Formation. As they share close geochemical affinities, we interpret both volcanic units as having been derived from the same primary source but from distinct magmatic pulses. Based on the sedimentology of interbedded clastic units as well as available mapping and geophysical data in New Brunswick, we interpret that the upper Mississippian mafic lavas were issued from large NW-SE striking dykes responding to NW-SE compression in a pull-apart basin, whereas less voluminous and more localised felsic rocks were possibly issued from discrete volcanic pipes.
Introduction
Following the Middle Devonian Acadian orogeny, eastern Canada evolved as a complex system of strike-slip basins that hosted widespread and locally abundant Upper Devonian to Tournaisian (lower Mississippian) volcanic rocks (Gibling et al. 2008; Hibbard and Waldron 2009) . Upper Mississippian volcanic rocks are more restricted and only known from central New Brunswick (Fyffe and Barr 1986; Gray et al. 2010 ) and the Magdalen Islands of eastern Quebec (Barr et al. 1985; La Flèche et al. 1998; Giles 2008) (Fig. 1) . Whereas the Magdalen Island occurrences (Cap Adèle Member of the Hâvre aux Maisons Formation) are interbedded with fossiliferous marine sedimentary rocks dated as upper Asbian (Giles 2008) , the New Brunswick occurrences are interbedded with undated red beds in a continental basin that was fragmented by early Pennsylvanian deformation and that is mostly buried below Pennsylvanian strata (Jutras et al. 2007a ), all of which has historically led to uncertainties in stratigraphic correlations. However, the study of interbedded coarse clastic rocks can provide valuable information on the tectonic setting of such intrabasinal volcanic rocks.
In this paper, we reconstruct the tectonic, stratigraphic, paleogeographic, and petrogenetic settings of upper Mississippian volcanic units from central New Brunswick by studying and comparing their geochemistry and stratigraphic relationships, by using constraints provided by the sedimentology of interbedded sedimentary units, and by differentiating pre-, syn-and postem-placement structures with mapping, well, and geophysical data. To better constrain the age and stratigraphic relationships, we dated a thin interval of felsic tuff at the base of the volcanic succession at one locality (Hardwood Ridge), as well as a rhyolite boulder in the conglomerate that lies conformably below that succession. These data were then compared with available data from penecontemporaneous mafic rocks of the Magdalen Islands (La Flèche et al. 1998; Giles 2008) to produce a general model for late Mississippian volcanism in eastern Canada.
Geological setting
The Late Devonian to Mississippian volcanic rocks of eastern Canada and the sub-basins that host them are part of the composite Late Devonian to Early Permian Maritimes Basin (Gibling et al. 2008) . Sedimentary rocks from the Late Devonian to Mississippian interval were deposited in large transtensional sub-basins and small compressional and extensional sub-basins in response to NW-SE shortening (Jutras and Prichonnet 2005; Jutras et al. , 2007a Jutras et al. , 2016 . In late Mississippian times, sub-basins in the east and southeast sectors of the Maritimes Basin were accommodating the restricted epicontinental sea deposits of the Windsor Group, whereas those to the northwest were accommodating continental clastic rocks of the Percé Group (Gibling et al. 2008) , with southern New Brunswick showing the lateral transition between the two groups . Upper Mississippian volcanic rocks are found within the continental Percé Group in the CentralMarysville Basin of New Brunswick, but within the dominantly marine Middle Windsor Group in the Magdalen Basin of eastern Quebec (Giles 2008) . Both volcanic successions are concentrated to the north of the Belleisle Fault and its approximate extension into the Gulf of Saint Lawrence (Fig. 1, inset) . In New Brunswick, this fault separates the Avalon Zone to the south from the Gander Zone to the north (sensu Williams 1995) .
Stratigraphy of upper Mississippian units in central New Brunswick
Twenty field and well sections showing upper Mississippian rocks in central New Brunswick were included in this study to provide tectonostratigraphic constraints, paleocurrent vectors, and lateral facies variation data for our reconstruction of the paleogeographic and tectonic settings in which volcanism of that age occurred in that area (Fig. 1) . Emphasis was placed on four key sections and one deep borehole that provide a stratigraphic context to the upper Mississippian volcanic units in central New Brunswick (Fig. 3, localities 6, (9) (10) (11) and 16) .
Lower Windsor Group and La Coulée Calcrete
The base of the upper Mississippian succession in central New Brunswick is characterized by marine deposits of the Holkerian (sensu Menning et al. 2006 ) Lower Windsor Group (Fig. 2) , which is only exposed in the southern part of the Central-Marysville Basin (Jutras et al. 2007b) . Paraconformably above Upper Devonian volcanic and sedimentary rocks of the Piskahegan Group, basal Windsor Group beds are characterized by delta deposits of the Meaghers Grant Formation at localities 10 and 15, or by carbonate banks of the Gays River Formation at localities 15-16 ( Fig. 1) . At localities 17-18 (Fig. 1) , the Gays River banks are unconformably overlying Ordovician rocks and were thoroughly calcretized by fresh groundwater during a penetrative, host-replacing phreatic calcretization event that occurred at basin margins, while thick Lower Windsor Group evaporites (Fig. 2) were being deposited in basin centres (Jutras et al. 2007b) . Where the host material is not recognized as belonging to the Lower Windsor Group, this hostreplacing phreatic calcrete is referred to as the La Coulée Calcrete (sensu Jutras and Prichonnet 2005) (Fig. 1, localities 1, 4 , and 19).
Felsic volcanic rocks of the Cumberland Hill Formation
In central New Brunswick, a small inlier of trachyte and rhyolite that are unusually rich in incompatible trace elements (Gray et al. 2010 ) encompasses the only known exposures of the Cumberland Hill Formation (St. Peter 1997) (Fig. 1, Locality 12 ), which is also absent from regional wells away from that area. The rhyolite was dated at 335 ± 2 Ma (U-Pb age from zircon, NBDNRE 2010), which is upper Arundian according to Menning et al. (2000) , lower Asbian according to Menning et al. (2006) , and mid-Asbian according to Richards (2013) . The base of this felsic succession is not exposed.
Tennycape Formation
An erosion event separates Lower and Middle Windsor Group rocks (Giles et al. 1979 ) and also separates the lower and middle intervals of the time-equivalent Percé Group (Jutras and Prichonnet 2005) . This erosion was occurring in broad, intrabasinal, anticlinal flexures and was sourcing the upper Holkerian to Lower Asbian Tennycape Formation (sensu Jutras et al. 2016) (Fig. 2 ) in synclinal subbbasins (Jutras and Prichonnet 2005; Jutras et al. 2007a, b) .
Middle Windsor Group
In central New Brunswick, Middle Windsor Group rocks (the informal Albright Brook beds) are confined to a narrow valley-fill that cuts through calcretized Lower Windsor Group carbonates (Fig. 1, locality 17) and that is interpreted to be the root of a small delta, being composed of limestone interbedded with grey siliciclastic intervals (Jutras et al. 2007b) .
Shin Member of the Hopewell Cape Formation
Conformably overlying the Middle Windsor Group Albright Brook beds at locality 17 is a coarse Visean red bed interval assigned to the Shin Member of the Hopewell Cape Formation (Percé Group) by Jutras et al. (2016) (Fig. 2) following a regional correlation effort across eastern Quebec and New Brunswick. This member is similar in facies at all localities of the Central-Marysville Basin and of the nearby Ristigouche and Cumberland basins of northern and southern New Brunswick (Zaitlin and Rust 1983; Jutras et al. 1999 Jutras et al. , 2001 Jutras et al. , 2007a Jutras et al. , 2007b Jutras et al. , 2016 Jutras and Prichonnet 2002, 2005) , being dominantly comprised of red, polymictic pebble conglomerate cross-channelized with red sandstone. In central New Brunswick they were historically assigned to the now abandoned McKinley (Freeze, 1936) , Newcastle Creek (Muller 1951) , and Shin (van de Poll 1967) formations ( Fig. 2 ; CJES-2017-0176suppla 1 ).
Based on the abovementioned studies, the Hopewell Cape Formation Shin Member (including the abandoned Bonaventure and 1 Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjes-2017-0176. (Fig. 12 ) and the locality of the Cole Branch #1 Borehole, where Mississippian rocks are absent between pre-Carboniferous basement rocks and Pennsylvanian strata (Jutras et al. 2007a ). The localities of productive spore samples (e,g., C-430576) from the Geological Survey of Canada database are indicated on the sections. Inset: location of the current study area (squared) and that of Gray et al. (2010) in central New Brunswick, as well as those of La Flèche et al. (1998) and Giles (2008) Cannes-de-Roches formations) was sourced from steep fault scarps and deposited in proximal, gravelly alluvial fans and braidplains. Based on stratigraphic relationships ( Figs. 1 and 2) , deposition of the fault-controlled Hopewell Cape Formation began during the late Asbian (upper Visean), as this conglomeratic facies is interbedded with carbonates of that age in the nearby Cumberland Basin (Fig. 2) .
Hardwood Ridge Volcanic Member of the Hopewell Cape Formation
In central New Brunswick, red conglomerate of the Shin Member is conformably overlain by volcanic rocks that are interbedded with a similar conglomeratic facies (Fig. 3) . Fyffe and Barr (1986) determined that there were significant geochemical differences between basalts that occur at the base of the post-Acadian succession in the Plaster Rock and Carlisle sub-basins of western New Brunswick (localities a and b in the inset of Fig. 1 ), which are assigned to the Upper Devonian to Tournaisian Gladwyn Basalt (St. Peter 1979) , and those that occur within the Carboniferous successions further east in central New Brunswick (study area indicated on Fig. 1 ), which were historically assigned to the Boiestown (Fyffe and Barr 1986) , Royal Road (Bailey 1910) , Hardwood Ridge (Muller 1951) and Queenstown (MacKenzie 1964) basalts. Although bearing different stratigraphic names, these four basaltic occurrences are petrographically similar (Fyffe and Barr 1986 ) and occur at the same stratigraphic interval. This volcanic succession is here assigned to the Hardwood Ridge Volcanic Member (new name; CJES-2017-0176suppla 1 ) of the Hopewell Cape Formation (Fig. 2) . A ϳ2.5 m interval of felsic tuff occurs near the base of the volcanic succession at Hardwood Ridge (Fig. 3, locality 11 ), which is yet to be found at other localities, but the bulk of the Hardwood Ridge Volcanic Member is characterized by basaltic intervals of varying thicknesses separated by thinner red bed intervals (Fig. 3) .
Evidence of calcretization in the higher part of the Hardwood Ridge Volcanic Member in the Killarney #3 Borehole suggests that the top of this member may be time-equivalent to the heavily calcretized Dorchester Cape Member (Brigantian) of the Hopewell Cape Formation (Fig. 2) . Based on the absence of grey bed intervals at all studied localities, remnants of the volcanic member do not seem to extend into the time interval corresponding to that of the Shepody and Hastings formations (Fig. 2) , which are uppermost Fyffe and Barr (1986) , mapped as the Royal Road Basalt by St. Peter (2000) ; 9: unnamed Mississippian red beds of Poole (1958) , mapped as the Shin Formation by St. Peter (2000) . [Colour online.] Pagination not final (cite DOI) / Pagination provisoire (citer le DOI) Brigantian to Pendleian based on their spore assemblages (Jutras et al. 2015) .
Stratigraphy of upper Mississippian units in the Magdalen Islands of eastern Quebec
Upper Mississippian rocks on the Magdalen Islands of eastern Quebec occur as cap rocks on top of salt diapirs that are cutting through Pennsylvanian to Permian strata (Barr et al. 1985) .
Middle Windsor Group volcanic rocks
La Flèche et al. (1998) demonstrated that Mississippian volcanic rocks of the Cap Adèle Member of the Hâvre aux Maisons Formation in the Magdalen Islands include both alkali and subalkaline basalts, but they did not provide a stratigraphic context for them. Subsequent work by Giles (2008) clarified some aspects of their stratigraphic setting, constraining them to the upper Asbian Middle Windsor Group based on the biostratigraphy of minor marine sedimentary intervals (Fig. 2) . This author informally subdivided the basalt occurrences into "lower" and "upper" successions, but the stratigraphic position of alkali versus subalkaline basalts remains to be determined.
Analytical methods and results

Geochemistry of the upper Mississippian volcanic rocks
Analytical methods
Fifteen volcanic rock samples collected from the Royal Road, Boiestown/Astle, Hardwood Ridge, and Queenstown sections of central New Brunswick (Fig. 3 , localities 6, 9, 11, and 16) were analyzed by X-ray fluorescence (major and selected trace elements in Table 1 ; X-ray diffraction analyses of these samples are also available in CJES-2017-0176supplb 1 and additional XRF data are available in CJES-2017-0176supplc 1 ). The least altered samples were also analysed by inductively coupled plasma -mass spectrometry for trace element abundances (selected elements in Table 2 ; supplementary data in CJES-2017-0176suppld 1 ). These data were then plotted along with geochemical data from penecontemporaneous felsic rocks of the Cumberland Hill Formation (Gray et al. 2010) and mafic rocks of the Hâvre-aux-Maisons Formation on Magdalen Islands (La Flèche et al. 1998) (Figs. 4-8) . Table 2 also includes inductively coupled plasma -mass spectrometry data from five samples collected from felsic rock boulders (FB) near the base of the Hardwood Ridge (HR) section (samples HRFB1-5).
Results
The upper Mississippian basalts of central New Brunswick plot as alkali basalts (trachybasalts sensu Le Bas et al. 1986 ) on the SiO 2 versus Nb/Y diagram of Winchester and Floyd (1977; Fig. 4) as well as on the SiO 2 vs K 2 O + Na 2 O diagram of Le Bas et al. (1986; Fig. 5 ). This suggests an enriched mantle source that experienced a low degree of partial melting at pressures exceeding 1 GPa (Jaques and Green 1980; Kushiro, 2001) . They are similar to the average composition of alkali basalts on Magdalen Islands, whereas the average subalkaline basalt at the latter locality plots quite close to the alkali basalt (trachybasalt) range in these diagrams. At both localities, the alkali basalts are significantly enriched in light rare earth elements (Fig. 6) , which also suggests a low degree of partial melting (Cullers and Graf 1984) .
The alkali basalts of central New Brunswick and the Magdalen Islands have similar trace element distribution patterns that resemble those of the average ocean island basalt as defined by Sun and McDonough (1989) (Fig. 6 ). For both volcanic suites, this Table 1 . Concentrations of major element oxides (from glass discs; in weight percent) and three selected trace elements (from pressed powders; in parts per million) based on X-ray fluorescence analysis using a Phillips PW2400 spectrometer (Regional Geochemical Centre of Saint Mary's University, Halifax, Canada). suggests an enriched mantle source that was not significantly modified by subduction imprint or other forms of crustal contamination. This is also supported by their Th/Yb and Nb/Yb ratios, which plot within the enriched mantle array (Fig. 7) . On average, the alkali basalts of New Brunswick are more enriched in incompatible elements and therefore more differentiated than those of the Magdalen Islands (Fig. 6) . Moreover, although the lack of negative Eu anomalies precludes a strong contribution of feldspar fractionation, much larger FeO/MgO ratios in the alkali basalts of New Brunswick (average = 5.14) than in those of the Magdalen Islands (average = 1.2) suggest that crystal fractionation of ferro-magnesian minerals was at play, and that it was more prolonged in the magmatic source of the former.
In the Ti/Y vs Nb/Y diagram of Pearce (1982; Fig. 8) , all mafic rocks plotted on average as within-plate basalts, which is consistent with their association with continental red beds and epicontinental sea deposits. The sub-alkaline basalts of the Magdalen Islands have more primitive compositions that are closer to those of mid-oceanic ridge basalts.
U-Pb geochronology
Studied samples
U-Pb zircon geochronology was carried out on three samples of volcanic material from the Hardwood Ridge section ( Fig. 3; Table 3 ).
One sample (HRFB5) is from a boulder of felsic volcanic rocks within red conglomerate of the Shin Member near the base of the exposed section, whereas the two others (samples HRLT (lithic tuff) and HRVT (vitric tuff)) were collected, from a ϳ2.5 m thick succession of felsic tuff layers that occurs near the base of the conformably overlying Hardwood Ridge Volcanic Member. A sample of fine felsic tuff (sample HRFT) from the base of the ϳ2.5 m thick pyroclastic succession was also processed but only provided zircons that are clearly detrital. Sample HRLT (a slightly coarser lithic tuff) is from ϳ0.5 m above and includes sand-size clastic minerals and lithic fragments floating in a fine matrix of volcanic ash that comprises ϳ70% of the volume. Sample HRVT was collected ϳ1 m above HRLT in a ϳ1.5 m thick layer of coarser, vitric tuff that tops the thin pyroclastic succession.
Analytical methods
Samples were analysed by isotope dilution -thermal ionization mass spectrometry at the Jack Satterly Geochronology Laboratory in the Department of Earth Sciences of the University of Toronto (Table 3) . A detailed description of the analytical methods is provided in CJES-2017-0176supple 1 .
Results on the felsic boulder (sample HRFB5)
Four zircon grains (4-sided elongate crystals) from the large boulder of felsic volcanic rock (sample HRFB5) gave concordant data. Three (Z2-4) gave data that partially overlap and have a weighted mean 206 Pb/ 238 U date of 368.7 ± 1.3 Ma (mean square of weighted deviates (MSWD) = 5.6) (Fig. 9) . The relatively high MSWD indicates scatter that may be attributable to geological sources (e.g., the youngest grain at 368.35 ± 0.34 Ma only partially overlaps the 2 others and could have undergone minor Pb loss, or alternatively, it more closely approximates the true age of the volcanic unit and the two overlapping slightly older grains are inherited). One grain (Z1) is distinctly older than the other three, with a 206 Pb/ 238 U age of 371.3 ± 0.5 Ma. It is interpreted as inherited from reworked remnants of an earlier eruption. A conservative age estimate for the felsic volcanic boulder is 368.7 ± 1.3 Ma (Table 3 ). The age of this boulder corresponds well with the Upper Devonian Piskahegan Group, which is well exposed at the southern margin of the Central-Marysville Basin (NBDNRE 2000) . Its relatively low contents in incompatible trace elements (Table 2) are also consistent with felsic igneous rocks of this unit (Yang et al. 2003) .
Results on the felsic tuff layers (samples HRLT and HRVT)
Four euhedral zircon tips from sample HRLT gave three partially overlapping data that have a weighted mean 206 Pb/ 238 U date of 335.4 ± 1.1 Ma (MSWD = 5.5) (Fig. 9) . Scatter may be due to geological reasons (Pb loss or inheritance). One zircon (Z1) is slightly older at 336.83 ± 0.49 Ma (Table 3) . Four zircon grains from the coarser HRVT gave concordant data with a range of ages from 621.3 ± 0.7 Ma, 335.6 ± 0.4 Ma, 334.6 ± 0.2 Ma, to 327.7 ± 0.9 Ma (Table 3 ). The latter age of 327.7 ± 0.9 Ma from Z4 is interpreted as a maximum age for deposition of the pyroclastic interval, whereas the ϳ621, ϳ335, and ϳ337 Ma zircons are considered to be inherited.
Geophysics
By combining available gravity, magnetic, and seismic data from the Central-Marysville Basin area with field and well data, Jutras et al. (2007a) identified a series of SW-NE trending faults that offset the base of the Mississippian succession in steps that are overall Sun and McDonough (1989) . [Colour online.] increasing in depth towards the northwest until reaching the Bathurst Horst (Fig. 1) , which separates the Central-Marysville Basin from the Ristigouche Basin of northern New Brunswick and eastern Quebec. The Mississippian structures are overlapped by Pennsylvanian strata, which are not offset by the faults and show consistent thickness across them (Jutras et al. 2007a ).
Fig. 6. Trace element abundances in the upper Mississippian basalts of central New Brunswick and those of the Magdalen Islands normalized against primitive mantle values from
This step-like offset of basement rocks and overlying Mississippian strata along SW-NE trending fault blocks is well represented in the vertical gradient magnetic image of Kiss et al. (2004) , where a zone of steep vertical gradient readings (the Chipman-Minto Block) is sharply separated from a zone of low variation in vertical gradient readings (the Grand Lake Block; Fig. 11 ). The Hardwood Ridge volcanics are well exposed on the Chipman-Minto Block, whereas the Grand Lake Block is characterized by inliers of preCarboniferous basement that are in direct contact with Pennsylvanian strata (Fig. 1) , suggesting that Mississippian strata are mostly absent on that block (Fig. 11) . This is also suggested by the absence of Mississippian strata between basement and Pennsylvanian rocks in the Coal Branch Borehole #1 (Jutras et al. 2007a) , which is located in the NE extension of that block.
The Grand Lake Block is also cut by NW-SE trending lineaments of steep magnetic readings, which are interpreted as feeder dykes to the upper Mississippian lavas. It is most likely a similar dyke that forms what Bailey (1910) described as a volcanic neck of upper Mississippian mafic rocks at Currie Mountain, near Fredericton. On the Grand Lake Block, these large dykes were later truncated by post-Mississippian uplift and erosion, which Jutras et al. (2007a) correlated with the early Pennsylvanian onset of Alleghanian farfield stresses in eastern Canada.
A Pennsylvanian fault showing evidence for significant vertical displacement also limits the Chipman-Minto Block from the Fredericton Block to the northwest, which shows much flatter vertical gradient magnetic readings (Fig. 11) . Based on well data, the Mississippian succession is interpreted to be substantially thicker on the latter block, which lines up with the Fredericton Trough of van de Poll (1967) . For instance, the Mississippian succession in that trough is over ϳ350 m thick in the Killarney #3 Borehole (Fig. 3) , and well data suggest a gradual thickening of remnant Mississippian strata towards the east (Jutras et al. 2007a ). Therefore, we infer that Mississippian volcanic rocks are present on the Fredericton Block, but covered by additional sedimentary strata that dilute the vertical gradient readings (Fig. 11) .
Although the Grand Lake Block is mostly devoid of Mississippian strata, it includes a small inlier of the Cumberland Hill Formation, which forms a well-defined and laterally constrained magnetic anomaly (Fig. 11 ) that we interpret to represent a residual hill of Mississippian rocks in the process of being exhumed from its Pennsylvanian cover (Fig. 14) . Although exposed remnants of the Cumberland Hill Formation are only known from the Cumberland Hill area, Thomas and Kiss (2005) identified an unexposed area on the Chipman-Minto Block that bears a similar magnetic signature as the Cumberland Hill volcanics (circular dashed line on Fig. 11 ). As it truncates the more complex magnetic signature that is attributed to the Hardwood Ridge basalts, it possibly represents another residual hill of the Cumberland Hill Formation that was subsequently buried by the Hopewell Cape Formation. Thomas and Kiss (2005) also identified two igneous plugs (solid, circular lines on Fig. 11 ) on the Chipman-Minto Block that could have acted as feeder pipes for Mississippian volcanism. These authors attribute irregular lineaments in the southeast portion of the Grand Lake Block to pre-Carboniferous basement features (Fig. 11) .
Provenance of the Shin Member of the Hopewell Cape Formation
To identify active faults controlling late Mississippian sedimentation and volcanism in central New Brunswick, five paleocurrent localities were added to the three paleocurrent localities of Pagination not final (cite DOI) / Pagination provisoire (citer le DOI) Jutras et al. 11 Published by NRC Research Press
Can. J. Earth Sci. Downloaded from www.nrcresearchpress.com by Pierre Jutras on 03/08/18 Jutras et al. (2007a) from the north part of the Central-Marysville Basin, all from the Shin Member of the Hopewell Cape Formation (Fig. 10) . Measurements from trough channel orientations were obtained at all localities (Fig. 10) . Where an insufficient number of these could be retrieved, the scour-and-fill data were combined with less reliable but in this case corroborating clast imbrication data (Fig. 10) . Based on paleocurrent vectors, facies distribution, mapping data, and inferences from nearby basins, Jutras et al. (2007a) concluded that the Shin Member of the Hopewell Cape (then Bonaventure) Formation in the north part of the Central-Marysville Basin was sourced from a reverse fault scarp developed along the SW-striking Miramichi Fault complex, which separates the basin from the Miramichi Highlands, and a dextral transtensional fault scarp developed along the E-W striking Heath Steele Fault, which separates the basin from the Bathurst Horst. Based on paleocurrent vectors obtained along the Sevogle River (Fig. 10, locality 1) , the Sevogle Fault may have been active at the time as a normal fault. New data from South Tay Creek (locality 7), Mactaquac Dam (locality 8), and Finger Lakes (locality 13) suggest that the Miramichi Highlands source area, bounded by the Miramichi Fault, extended farther to the southwest than the Fredericton area, which implies that the Fredericton Fault is a post-Mississippian structure (Fig. 10) . This undermines the distinction between the Marysville and Central basins of van de Poll (1995) , which correspond respectively to the southern and northern areas of the same Mississippian basin, herein referred to as the Central-Marysville Basin.
Additional data from the Shin Creek (locality 14) and Shannon (locality 20) sections suggest that the Kingston Uplift of St. Peter and Johnson (2009) formed the southeast boundary of the Central-Marysville Basin, bounded by the Belleisle Fault (Fig. 10) . This is also supported by the abundance of Precambrian schist clasts in the coarse Shin Member at Shannon, a lithology that is present in the Kingston Uplift, but not in the Miramichi Highlands (NBDNRE 2000) . Identification of the Bathurst Horst, Miramichi Highlands, and Kingston Uplift as source areas of the Central-Marysville Basin is also supported by the coarseness of the Hopewell Cape Formation sediments in their vicinity (sections 1-4, 6-9, and 13-20 on Fig. 1 ).
Paleocurrents were also obtained from about halfway between the Miramichi Highlands and the Kingston Uplift, at Hardwood Ridge (locality 11), where NE-driven paleocurrents in broad channel-fills are inferred to represent a trunk river system. Oversized boulders of phyllite, phreatic calcrete, and felsic volcanic rocks dated at 368.7 ± 1.3 Ma (sample HRFB5) near the unexposed base of the succession are interpreted as rock fall boulders issued from an irregular basin floor. They suggest deposition in a paleovalley cutting through remnants of the La Coulée Calcrete above volca- Fig. 11 . Interpretation of the first derivative magnetic gradient image of Kiss et al. (2004) for the Chipman-Minto area (shown on Fig. 1) . Large dashed-lines mark the interpreted position of early Pennsylvanian fault lines; dashed and full circular lines limit areas interpreted by Thomas and Kiss (2005) to respectively represent felsic igneous rock complexes and igneous plugs. nic rocks of the Piskahegan Group and Silurian basement rocks of the Kingsclear Group (Fig. 3) , all of which are observed unconformably below the Hopewell Cape Formation in exposed sections and wells of southern areas of the Central-Marysville Basin (Fig. 1) .
General discussion and conclusions
Biostratigraphy versus geochronology
Based on the timescale of Richards (2013) , the ϳ328 Ma Hardwood Ridge volcanic rocks are lower Pendleian at the oldest. However, based on field relationships and regional biostratigraphic constraints from Utting and Giles (2004) and von Bitter et al. (2007) , they would be upper Asbian at the oldest or Brigantian at the youngest. The new isotopic dates therefore reveal some significant discrepancies between biostratigraphic substage subdivisions for the Visean to Serpukhovian interval of eastern Canada and the timescale proposed by Richards (2013) . The latter is largely based on dates obtained from Asia, whereas the biostratigraphy of eastern Canada is based on correlations with Europe, which might be one of the causes for the discrepancy. Moreover, it should be noted that absolute age estimations for these volcanic rocks and for Visean to Pendleian substage subdivisions are based on isotopic dates with error ranges estimated between + 1 and + 6 million years (Menning et al. 2000 (Menning et al. , 2006 Davydov et al. 2012; Richards 2013) . For this reason, estimation of Visean to Pendleian substage boundaries has varied greatly over the years, with the HolkerianAsbian, Asbian-Brigantian, and Brigantian-Pendleian boundaries increasing in age by respectively ϳ6, ϳ4.5, and ϳ2 million years between Menning et al. (2000) and Richards (2013) . In this context of a quite imprecise and still evolving timescale that might require some reconciliation between biostratigraphic data from eastern Canada, Europe, and Asia, we favour the scale of Menning et al. (2006) , which was built by a consortium of 20 researchers and which correlates better with biostratigraphic constraints (Fig. 2) . Based on that scale, the Hardwood Ridge Volcanic Member is upper Brigantian, which suggests that it is younger than the upper Asbian Magdalen Island basalts. (Fig. 2) . However, considering the uncertainty of correlations between isotopic and biostratigraphic ages, we do not rule out the possibility that these units could be in part coeval.
Tectonostratigraphic setting of central New Brunswick in late Mississippian times
In the Ristigouche Basin of northern New Brunswick and eastern Quebec, it was determined that coarse clastics of the mid-Visean La Coulée Formation, which locally host the syn-depositional La Coulée Calcrete, were sourced from fault scarps developed in response to NW-SE shortening (Jutras and Prichonnet 2005) . A similar tectonic setting is inferred for the time-equivalent Lower Windsor Group in central New Brunswick (Jutras et al. 2007b ).
Cumberland Hill Formation
Based on available data, the Cumberland Hill Formation is estimated to be at least 7 million years older than the Hardwood Ridge Volcanic Member, unlike the conclusions of the NBDNRE (2010), which considered the two units to be coeval. As it is absent below the upper Asbian to Brigantian Hopewell Cape Formation (sensu Jutras et al. 2016 ) at all localities (Fig. 1) , the Cumberland Hill Formation may have been affected by the same erosion event that eradicated most of the Holkerian Lower Windsor Group and La Coulée Calcrete in central New Brunswick (Jutras et al. 2007b) . The product of this erosion is inferred to be the Tennycape Formation (sensu Jutras et al. 2016) , which was sourced and accommodated by gentle SW-NE trending crustal flexures that are also interpreted to be a response to NW-SE shortening (Jutras and Prichonnet 2005; Jutras et al. 2007a, b) , but during a slowdown of shortening rates (Jutras 2014) .
The broad anticlinal flexures that sourced the Tennycape Formation may have provided a setting where highly differentiated residual fluids could be concentrated and where a volcanic breach could easily occur in the anticlinal hinge zones. The igneous plugs identified by Thomas and Kiss (2005) on the Chipman-Minto Block (Fig. 11) may have been the sites of such breaches of felsic magma. Hence, we interpret the Cumberland Hill lavas as possibly syn-depositional to the Tennycape Formation and occurring in the source area of the latter.
Hopewell Cape Formation
As NW-SE shortening rates re-increased, fault-controlled sedimentation resumed with deposition of the Hopewell Cape Formation (ex-Bonaventure Formation) (Jutras and Prichonnet, 2005) . In this context, we infer dextral movement with a normal component along the E-W striking Heath Steele Fault, normal movement along (Fig. 1) were displaced to the right as this fault is inferred to have known post-Mississippian dextral displacement (Jutras et al. 2007a) . [Colour online.] the NW-SE striking Sevogle Fault, reverse movement along the SW to WSW striking Miramichi Fault, and reverse movement with a dextral component along the NE to ENE striking Belleisle Fault (Fig. 13) . As noted earlier, syn-depositional scarp development along these faults is suggested by the distribution of coarse facies and paleocurrent vectors in the Shin Member (Figs. 1,  3 , 10, and 13). It is in association with these faults that the large NW-SE trending dykes (Fig. 11 ) are interpreted to have developed as a pull-apart response to NW-SE shortening in a transtensional to compressional graben complex, thus sourcing basalts of the overlying Hardwood Ridge Volcanic Member. In this context, the dykes would have developed from extension perpendicular to the main principal stress, which is consistent with previous studies suggesting that mid-to late Mississippian tectonics in the Maritimes Basin were controlled by NW-SE shortening (Jutras and Prichonnet 2005; Wilson and White 2006; Jutras et al. , 2007a Jutras et al. , 2015 Jutras et al. , 2016 .
Petrogenetic and emplacement models for the upper Mississippian volcanic rocks of eastern Canada
Based on their Nd value of +3 (Pe-Piper and Piper 1998; +3.40 and +4.26 in Dostal and Jutras 2016) , the absence of negative Nb anomalies, and a high content in incompatible elements, Gray et al. (2010) concluded that trachyte of the Cumberland Hill Formation evolved from the prolonged crystal fractionation of alkali magma derived from an asthenospheric source that experienced a low degree of partial melting. A similar scenario is inferred for the Hardwood Ridge Volcanic Member, which hosts compositionally similar tuff and which is interpreted to have evolved from the same primary source. However, their significant age difference suggests that they are the products of two distinct magmatic pulses.
Geochemical similarities between penecontemporaneous alkali basalts from the upper Mississippian successions of the Magdalen Islands and central New Brunswick suggest that they are correlative and have a common petrogenetic history. On the Magdalen Islands, La Flèche et al. (1998) dismissed the possibility of a common source for the sub-alkaline and alkali basalts of that succession based on the wide distribution of Nd values, which range from +2.0 to +7.0. However, when only alkali basalts are considered, these values are still widely distributed between +2.0 to +6.3 (La Flèche et al. 1998 ). Moreover, the subalkaline basalts are also relatively rich in incompatible elements and on average quite close to the range of alkali basalts (Figs. 4 and 5) . La Flèche et al. (1998) subdivided them based on the Zr/TiO 2 versus Ta*/Y classification diagram of Floyd and Winchester (1978) , but also noted that their 51 samples show a widespread and rather continuous distribution from one range to the other. In all their other geochemical diagrams, both types of basalts also show a continuous distribution and a partly overlapping range. We therefore conclude that invoking two different sources is unnecessary and that different degrees of partial melting possibly combined with different degrees of crystal fractionation may explain all the variations.
As noted by La Flèche et al. (1998) , high AlO 2 /TiO 2 ratios in the Magdalen Island basalts, which are comparable in the penecontemporaneous New Brunswick occurrences ( Table 1 ), suggest that they were differentiated under high pressure (ϳ10 kbar). Hence, crystal fractionation may have occurred at the base of the crust beneath the Maritimes Basin, where a 10-20 km thick mafic underplating has been inferred from a combination of gravity and deep seismic data (Marillier and Verhoef 1989) . It is likely that this mafic underplating contributed to magmatism in the Maritimes Basin since its opening in Late Devonian times (Pe-Piper and Piper 1998). Early magmatism (Late Devonian to Tournaisian) was dominantly subalkaline and its isotopic signature is mostly compatible with a lithospheric mantle source that has been enriched by subduction, which occurred at the eastern North American margin through most of the early to middle Paleozoic (Pe-Piper and Piper 1998). However, the upper Mississippian volcanic rocks of New Brunswick and eastern Quebec do not show evidence for contamination by subduction, and they include trace element abundances that are quite similar to those of ocean island basalts. It therefore seems that, contrary to the conclusions of La Flèche et al. (1998) , late magmatism in the Maritimes Basin was no longer fed by the contaminated lithospheric mantle, but rather by partial melting of the sublithospheric mantle.
Our proposed model is that transtensional lithospheric stretching in the Maritimes Basin first contributed to a high degree of partial melting at the base of a metasomatically enriched lithosphere, with the rising melts accumulating at the base of the crust throughout the lateral extent of the Maritimes Basin. As pullapart transtensional tectonics characterized most of the Late De- Pagination not final (cite DOI) / Pagination provisoire (citer le DOI) vonian to Early Carboniferous interval (Hibbard and Waldron 2009) , it is likely that this 10-20 km thick accumulation of mafic material occurred gradually in pulses. Available data suggest that melts evolved from a subcontinental lithospheric primary source with a high degree of partial melting, in early stages, to a sublithospheric primary source with a low degree of partial melting, in late stages.
Inputs of alkali mafic magma in the mafic underplating body at the base of the crust may have started in response to mid-Visean transtensional faulting, followed by a long period of crystal fractionation and the development of highly differentiated felsic magma at the top of the magmatic body. The latter may have subsequently concentrated in some of the broad anticlinal folds that sourced the mid-Visean Tennycape Formation, eventually breaching through one of these folds to source the Cumberland Formation, southeast of the Fredericton Trough.
Reactivation of the faults that controlled deposition of the Middle Windsor Group and Hopewell Cape Formation may have generated new inputs of alkali magma at the base of the crust in late Asbian times, followed by a new period of crystal fractionation. The thin layers of felsic tuff near the base of the Hardwood Ridge Volcanic Member are inferred to be the products of explosive extrusions of highly differentiated residual fluids from the top of the evolving magma chamber that also sourced the overlying alkali basalts. As this tuff includes many inherited zircons of the same age as those in rhyolite of the Cumberland Hill Formation, the two felsic units were possibly sourced from the same discrete volcanic area. In contrast, as noted earlier, subsequent mafic lavas were seemingly fed by large NW-SE trending dykes such as those observable on Fig. 11 in response to the ongoing NW-SE shortening that is inferred to have controlled Mississippian tectonics in the area (Jutras and Prichonnet 2005; Wilson and White 2006; Jutras et al. , 2007a Jutras et al. , 2015 Jutras et al. , 2016 .
The penecontemporaneous Hardwood Ridge and Magdalen Islands basalts were possibly all fed by pull-apart openings along the Belleisle Fault (Fig. 14) , one the most extensive structures of eastern North America (Hibbard and Waldron, 2009 ), but as Mississippian strata are deeply buried below Pennsylvanian to Permian strata in the Gulf of Saint Lawrence, it is at this stage impossible to determine whether or not basalts of central New Brunswick and of the Magdalen Islands are part of the same Mississippian structural basin. However, the apparent absence of subalkaline lavas in the Central-Marysville Basin suggests that individual lava flows did not cover both areas, which is also suggested by basaltic bodies that are insufficiently thick to represent large scale flood basalts.
